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We perform a detailed study of a specific two Higgs doublet model with a Uð1Þ gauge symmetry,
instead of a typical Z2 discrete symmetry, containing a very light gauge boson Z
0 (GeV scale or below).
The Standard Model (SM) fermions do not carry Uð1Þ charges, but induced couplings to the Z0 (called the
dark Z) are generated through mixing with the SM neutral gauge bosons. Such a light Z0 could explain
some astrophysical anomalies as well as the muon g 2 deviation, and has been the subject of great
experimental interest. We consider the scenario in which the 125 GeV SM-like Higgs (H) is the heavier
scalar state, and focus on the lighter neutral state (h) as well as charged Higgs. We analyze the constraints
on the model from various experiments and predict novel channels to search for these Higgs scalars at the
LHC. In particular, experiments looking for lepton jets are among potentially important searches.
DOI: 10.1103/PhysRevD.87.115009 PACS numbers: 12.60.Fr, 14.70.Pw
I. INTRODUCTION
At long last, the experimental exploration of the Higgs
sector of the electroweak theory has begun. The discovery
of a scalar boson with a mass of approximately 125 GeVat
the Large Hadron Collider (LHC) is a spectacular triumph
of the Standard Model (SM) [1,2]. The hints of a larger
than expected branching fraction for H ! , although
they have recently weakened, could suggest possible
extensions of the scalar sector [3] or of other sectors.
(For some vectorlike fermion extension examples, see
Refs. [4–15].) Certainly, detailed analyses of these exten-
sions are worthwhile and might provide guidance to ex-
perimenters searching for physics beyond the SM.
The simplest and most studied such extension is the two
Higgs doublet model (2HDM), recently reviewed in
Ref. [16]. A potential problem for such models are tree-
level flavor-changing neutral currents (FCNC) which will
occur whenever fermions of a given charge couple to more
than one Higgs multiplet [17,18]. While it is possible to
ameliorate the constraints by assumptions about the flavor-
changing couplings [19,20], the usual solution to the prob-
lem is eliminating the tree-level FCNC altogether by using
a discrete Z2 symmetry. Depending on the transformation
properties of the right-handed fermions under the Z2,
several different models can be obtained [16]. The most
familiar two models are the type I model, in which all of
the fermions couple to a single Higgs multiplet, and the
type II model, in which the down-type quarks and charged
leptons couple to one Higgs multiplet and the up-type
quarks couple to the other.
A Z2 symmetry can be promoted to a gauged Uð1Þ
symmetry as discussed in Refs. [21,22]. In Ref. [21], the
SM fermions do not have charges of the new Uð1Þ gauge
symmetry and a type I 2HDMmodel results. (See Ref. [23]
for another example in the fourth generation context.) In
Ref. [22], the SM fermions have charges under the Uð1Þ
gauge symmetry, resulting in various types of 2HDMs. As
emphasized in Ref. [22], one of the interesting features in
this kind of model is the absence of the pseudoscalar A. It is
a common effect [24] of a spontaneously broken Uð1Þ
gauge symmetry that the pseudoscalar is eaten to become
the longitudinal component of the new gauge boson Z0. Of
course, one could restore the pseudoscalar by adding a
complex Higgs singlet to the model.
In our paper, we will closely follow the scenario of
Ref. [21]. In this model, all SM fermions are neutral under
the new Abelian gauge group Uð1Þ0, yet the Z0 coupling to
the SM fermions can be mediated by mixing with the SM
neutral gauge bosons. The Z0 can communicate with the
SM fermions only through kinetic and/or mass mixing with
the SM neutral gauge bosons. The fact that the Z0 does not
directly interact with fermions eliminates the numerous
constraints on Z0 masses, and allows the Z0 to be extremely
light, with mass allowed below Oð1Þ GeV. (For a review
on a complementary heavy Z0, see Ref. [25].)
This model in Ref. [21] was not originally proposed in
the context of 2HDMs. It was first proposed as a general-
ization of the so-called dark photon model whose coupling
is of the same form as the photon coupling. While the two
models both adopt kinetic mixing of the Uð1ÞY and the
Uð1Þ0, the difference comes from the fact that the Z0 gets its
mass only from a Higgs singlet in the dark photon model
while it gets the mass from a Higgs doublet (and also from
a Higgs singlet if a Higgs singlet exists) in the dark Z
model. As a result, the dark Z can couple to the weak
neutral current as well. When the Z0 is very light, it can
explain [26–28] the astrophysical anomalies such as the
511 keV gamma ray from the Galactic center observed by
the INTEGRAL satellite [29] or the positron excess ob-
served by ATIC [30] and PAMELA experiments [31],
depending on the property of the dark matter. It can also
explain the 3:6 deviation of the measured muon g 2
from the SM prediction [32,33]. (For some discussions
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about non-Abelian dark gauge sectors, see Refs. [34–37].
See also Ref. [38] for a discussion on W-W 0 mixing.)
It is remarkable that a very light gauge boson, introduced
to provide a dark matter explanation to some astrophysical
anomalies, can also provide an explanation for the absence
of tree-level FCNC in a 2HDM. It leads to a very different
phenomenology from the ordinary 2HDMs. Some of the
implications for the dark Z boson as well as the 125 GeV
SM-like Higgs state, H, of this model have been discussed
in Refs. [21,39,40]. In this paper, we will mainly discuss
the phenomenology of the other Higgs bosons of the
model, and refer to this model as the ‘‘dark 2HDM’’ to
emphasize that our study of this model focuses on the
comparison to the ordinary 2HDMs. We particularly focus
on the scenario that the other Higgs, h, is lighter than the
SM-like Higgs, H, of 125 GeV, which was a subject of the
study in Ref. [41] for the ordinary 2HDMs.Wewill see that
various constraints force one to add a singlet to the model.
The decay of the h to Z0Z0 will provide a dramatic signature
that could be on the verge of discovery at the LHC, and the
decay of the charged Higgs to hW ! Z0Z0W would also
lead to striking signatures.
In Sec. II, we describe the model and the particle masses
and couplings. In Sec. III, we consider the constraints from
LEP and the LHC on the neutral Higgs bosons, and in
Sec. IV study the remarkable signature of the light Higgs
and the implications for LHC experiments looking for
multilepton jets. In Sec. V, we discuss the properties of
the charged Higgs boson and in Sec. VI, we present our
conclusions. A discussion of the properties of the Z0 boson
is in the Appendix.
II. THE MODEL
In this section, we describe the dark 2HDM proposed by
Davoudiasl, Lee, and Marciano [21]. The scalar sector is
composed of two doublets and a singlet under the SUð2ÞL.
As we will see, the model with just two doublets and no
singlet is not compatible with various constraints.
Including a singlet can avoid this issue.
The gauge group is SUð3ÞC  SUð2ÞL Uð1ÞY Uð1Þ0,
and the SM fermions are assumed to be neutral under the
extra Uð1Þ0. The gauge part of the kinetic Lagrangian
includes kinetic mixing between the Uð1ÞY and Uð1Þ0
[42] and is given by
L gauge ¼  14 B^B^
 þ 1
2
"
cosW
B^Z^
0  1
4
Z^0Z^0;
(1)
where B^  @B^  @B^ and Z^0  @Z^0  @Z^0.
The hat notation indicates the states before diagonaliza-
tion. As discussed in various places, for examples see
Refs. [21,43], one can redefine the fields to remove the
kinetic mixing term parametrized by ", which is experi-
mentally constrained to be small.
When there is one Higgs doublet and the Z0 gets the
mass from a Higgs singlet, this leads to an induced cou-
pling of the Z0 to the electromagnetic current
L dark ¼ "eJemZ0 ðJem  Qf ffÞ (2)
and the induced coupling of the Z0 to the weak neutral
current is negligibly small because of the suppression by
high orders of ". This gauge boson is widely called the
‘‘dark photon,’’ since fermions couple to the Z0 with a very
small effective electric charge ("Qf) for a given electric
charge (Qf) of the fermion f.
The model in Ref. [21] added an additional Higgs dou-
blet charged by the Uð1Þ0 which introduces mixing in the
Z-Z0 mass matrix. The Z-Z0 mass mixing, parametrized by
"Z, is also taken to be small. The value of "Z will be
determined by parameters in the scalar potential. Because
of this mixing, the Z0 couples to both electromagnetic
current and weak neutral current as
L dark Z ¼ ð"eJem þ "ZgZJNCÞZ0
J

NC 

1
2
T3f Qfsin 2W

ff

1
2
T3f

f5f

;
(3)
with gZ ¼ g= cos W ¼ g0= sin W ’ 0:74, T3f ¼ 1=2
and the weak mixing angle sin 2W ’ 0:23. The Z0 with
more general coupling (compared to the dark photon) in
this model was named the ‘‘dark Z’’ to emphasize that it
couples to the weak neutral current. In particular, when the
" ¼ 0 limit is taken, the Z0 couples only to the weak neutral
current as the SM Z boson does with a suppressed coupling
("ZgZ). The definition of "Z and constraints on mZ0 , ", "Z
can be found in the Appendix.
We use a similar but slightly different notation from
Ref. [21].1 In conventional 2HDMs, one defines 2 to be
the doublet that couples to the top quark (or, in the type I
2HDM, to all fermions). Following this notation, we as-
sume theUð1Þ0 chargesQ0½1 ¼ Q0½S ¼ 1,Q0½2¼0
with the hypercharges Y½1 ¼ Y½2 ¼ 1=2, Y½S ¼ 0.
The Uð1Þ0 is spontaneously broken when 1 or S gets a
vacuum expectation value (vev).
1In Ref. [21], the field 1 was chosen to couple to the SM
fermions rather than 2, with definitions of tan  v2=v1,
tand  v2=vS. This leads to different typical values of tan
and tand. Care must be taken in defining the heavy Higgs vs the
light Higgs, which also amounts to a definition of. We provide a
comparison of notations in the following. Reference [21]: 1
couples to the SM fermions, which requires typically small tan
(as v1  v).  ¼ 0 corresponds to the heavy Higgs  SM-like
Higgs limit. This paper: 2 couples to the SM fermions, which
requires typically large tan (as v2  v).  ¼ =2 corre-
sponds to the heavy Higgs SM-like Higgs limit. ( ¼ 0 corre-
sponds to the light Higgs  SM-like Higgs limit.) The Higgs to
gauge boson couplings in Eqs. (18)–(23) can be read for Ref. [21]
by cos$ sin, cos$ sin (or v1 $ v2), and overall sign
flips for ChZZ, ChZZ0 , ChZ0Z0 .
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The scalar part of the kinetic Lagrangian is given by
Lscalar ¼ jD1j2 þ jD2j2 þ jDSj2 (4)
¼ Lmass þLcoupling þ    ; (5)
where
Di ¼ ð@ þ ig0Y½iB^ þ igT3½iW^3
þ igZ0Q0½iZ^00Þi (6)
and two doublets
i ¼
	þi
1ffiffi
2
p ðvi þ	i þ i
iÞ
 !
with vevs vi (i ¼ 1, 2), and a singlet S ¼ 1ffiffi2p ðvS þ	S þ
i
SÞ with a vev vS. The vS ¼ 0 limit corresponds to the
doublets only case.
The Z and Z0 masses, with v2 ¼ v21 þ v22 ’ ð246 GeVÞ2
and tan  v2=v1, tand  vS=v1 are given by
L mass ¼ 12m
2
Z0
Z0Z0 2Z0Z00 þ 1
2
m2
Z00Z
00Z00 þ    ;
(7)
where
m2
Z0
¼ 1
4
g2Zv
2; (8)
m2
Z00 ¼ g2Z0 ðv2cos 2þ v2SÞ þ
"
cos W
gZ0g
0v2cos 2
þ 1
4

"
cosW

2
g02v2; (9)
2 ¼ 1
2
gZ0gZv
2cos 2þ 1
4
"
cos W
gZg
0v2: (10)
This leads to the Z-Z0 mixing angle () as
tan 2 ¼ 2
2
m2
Z0
m2
Z00
(11)
Z
Z0
 
¼ cos  sin
sin cos
 
Z0
Z00
 
; (12)
where Z and Z0 are the mass eigenstates. The Z-Z0 mixing
angle is constrained to be very small (jj & few 103)
by precision Z pole measurement at LEP [33].
We are primarily interested in a very light Z0 [mZ0 &
Oð1Þ GeV]. We will work in the m2
Z00 	 m2Z0 limit
throughout this paper, which requires g2Z0 ðv21 þ v2SÞ 	
1
4 g
2
Zv
2 as j"j is very small. In this limit we have
m2Z ’ m2Z0 ¼
1
4
g2Zv
2; (13)
m2Z0 ’ m2Z00 
ð2Þ2
m2
Z0
¼ g2Z0 ðv2cos 2sin 2þ v2SÞ
¼ g2Z0v2
cos 2
cos 2d
ð1 cos 2cos 2dÞ; (14)
 ’ 
2
m2
Z0
¼ 2gZ0
gZ
cos 2þ " tanW: (15)
The Z0 approaches the massless limit as gZ0 ! 0 or v1,
vS ! 0. With the  notation defined in the Appendix, we
can use cos 2d ’ 21þ2 1cos 2 (the doublets only limit cor-
responds to  tan ’ 1), and have
mZ0 ’ gZ
0vcos 2

: (16)
For simplicity, we assume no mixing between the
doublets and singlet and allow mixing only between the
doublets. The pure doublets case can be reached if we
take vS ¼ 0 (corresponding to cosd ¼ 1) in Eqs. (9) and
(14), and it would not change the following couplings
in Eqs. (18)–(23) as well as the approximations in
Eqs. (24)–(29).
The relevant couplings of vector bosons to heavy Higgs
(H) and light Higgs (h), with no mixing between the
doublets and singlet, are
Lcoupling¼12CHZZHZZþCHZZ0HZZ
0þ1
2
CHZ0Z0HZ0Z0
þ1
2
ChZZhZZþChZZ0hZZ0þ12ChZ0Z0hZ
0Z0þ;
(17)
where
C HZZ ¼ CSMHZZðcos cos½cosþ ð2gZ0=gZ þ " tanWÞ
 sin2 þ sin sin½cosþ " tanW sin2Þ
(18)
CHZZ0 ¼ CSMHZZðcos cos½cosþ ð2gZ0=gZ þ " tanWÞ
 sin½sin ð2gZ0=gZ þ " tanWÞ cos
þ sin sin½cosþ " tanW sin
 ½sin " tanW cosÞ (19)
CHZ0Z0 ¼ CSMHZZðcos cos½sin ð2gZ0=gZ þ " tanWÞ
 cos2 þ sin sin½sin " tan W cos2Þ
(20)
and
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ChZZ¼CSMHZZðsincos½cosþ"tanW sin2
cossin½cosþð2gZ0=gZþ"tanWÞsin2Þ
(21)
ChZZ0 ¼ CSMHZZðsin cos½cosþ " tanW sin
 ½sin " tanW cos
 cos sin½cosþ ð2gZ0=gZþ " tanWÞ sin
 ½sin ð2gZ0=gZ þ " tanWÞ cosÞ (22)
ChZ0Z0 ¼CSMHZZðsincos½sin"tanW cos2
cossin½sinð2gZ0=gZþ"tanWÞcos2Þ
(23)
with the SM Higgs-Z-Z coupling CSMHZZ  12g2Zv. Note that,
unlike Ref. [21], we include couplings with a general
mixing angle .
Since jj, j"j 	 1, we can get approximations, using
Eq. (15),
C HZZ ’ CSMHZZ cos ð Þ (24)
C HZZ0 ’ CSMHZZð2gZ0=gZÞ cos sin sin ð Þ (25)
C HZ0Z0 ’ CSMHZZð2gZ0=gZÞ2 cos sinðcos 3 sin
þ sin 3 cosÞ (26)
and
C hZZ ’ CSMHZZ sin ð Þ (27)
C hZZ0 ’ CSMHZZð2gZ0=gZÞ cos sin cos ð Þ (28)
C hZ0Z0 ’ CSMHZZð2gZ0=gZÞ2 cos sinðcos 3 cos
 sin 3 sinÞ (29)
giving the expected 2HDM couplings of the two neutral
Higgs bosons to the Z in Eqs. (24) and (27). In the  ¼
=2 limit, we can reproduce the relation shown in
Ref. [21], i.e., "Z ’ CHZZ0=CHZZ ’ CHZ0Z0=CHZZ0 .
The scalar potential is
V ¼ V1 þ V2 (30)
V1 ¼ m211y11 þm222y22 þ
1
2
ðy11Þ2
þ 2
2
ðy22Þ2 þ 3ðy11Þðy22Þ
þ 4ðy12Þðy21Þ (31)
V2 ¼ m233ySS þ
6
2
ðySSÞ2 (32)
with all coefficients real. Interestingly, the terms
m212ðy12 þy21Þ and 52 ½ðy12Þ2 þ ðy21Þ2 whose
coefficients are generally complex are forbidden by the
Uð1Þ0 gauge symmetry. We assume the terms 7ðy11Þ
ðySSÞ þ 8ðy22ÞðySSÞ are negligible (no mixing
between the doublets and singlet).
The charged Higgs mass is given by
m2
H ¼ 
4
2
v2; (33)
which requires 4 < 0.
The Higgs singlet mass is given by
m2S ¼ 6v2S (34)
and the neutral doublet Higgs mass-squared matrix is
given by
M2Higgs ¼
1v
2
1 ð3 þ 4Þv1v2
ð3 þ 4Þv1v2 2v22
 !
: (35)
The mass eigenstates of the doublets are H and h (with
mH 
 mh) with
m2H ¼
1
2
ð1v21 þ 2v22
þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1v21  2v22Þ2 þ 4ð3 þ 4Þ2v21v22
q
Þ (36)
m2h ¼
1
2
ð1v21 þ 2v22

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1v21  2v22Þ2 þ 4ð3 þ 4Þ2v21v22
q
Þ (37)
and the H-h mixing angle is given by
tan 2 ¼ 2ð3 þ 4Þv1v2
1v
2
1  2v22
(38)
H
h
 !
¼ cos sin sin cos
 !
	1
	2
 !
: (39)
Since only2 couples to the SM fermions in this model,
the sin  1 limit provides the heavier Higgs (H) as the
SM-like Higgs (H 	2, h	1 up to a sign), which is the
case of interest in the subsequent sections in this paper.
The other limit, sin  0, would have provided the light
Higgs (h) as the SM-like Higgs (H 	1, h	2 up to a
sign). Note that the SM-like limit for the H is achieved for
 ¼  instead of ¼ þ =2which would be true when
the light Higgs h is the SM-like one.
The relative coupling of the Higgses to the SM fermions
and W boson in the dark 2HDM is the same as the type I
2HDM as following.
Htt; Hbb;H:
sin
sin
; HWW: cos ð Þ (40)
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htt; hbb; h:
cos
sin
; hWW: sin ð Þ: (41)
The relative coupling of HZZ (hZZ) is the same as that of
the HWW (hWW) to a good approximation since the Z
mixing is very small [Eqs. (24) and (27)].
III. LEP AND LHC CONSTRAINTS ON THE
NEUTRAL HIGGS BOSONS, h AND H
In this section, we consider various constraints/predic-
tions on the neutral Higgs bosons in the dark 2HDM. They
include (i) LEP limits on associated production of the light
Higgs (Z ! Zh), (ii) LEP limits on the marginal Z width
for Z! hZ0 decay, (iii) LHC measured branching ratios in
various modes (H ! b b, þ, WW, ZZ) including the
most precisely measured H ! .
We will focus on the case in which the mass of the
light Higgs is mH=2 & mh & mZ, i.e., roughly, mh ’
60–90 GeV range. If it is lighter than mH=2, then the fact
that H ! hh decays do not dominate restricts sin to be
infinitesimally close to sin ¼ 1 [41]. If it is heavier than
mZ, then the h! ZZ0 channel opens up although our
results may not change qualitatively.
A. LEP bounds from associated production of h
A SM Higgs of less than 114 GeV was ruled out long
ago by LEP experiments looking for associated production
with a Z. In 2HDMs, however, the hWW and hZZ
(neglecting small Z mixing) couplings are suppressed by
sin ð Þ, possibly making the h quite gaugephobic.
LEP published upper bounds on this factor as a function
of the Higgs mass, assuming the Higgs would decay into b
quarks or ’s [44–46]. However, as we will discuss in
Sec. IV, h can mainly decay into Z0Z0 in the dark 2HDM.
Since the LEP searches did not cover fermions from a very
light Z0 [mZ0 & Oð1Þ GeV], one must look at LEP bounds
on invisible Higgs decays. These bounds at 95% C.L. from
ALEPH [47], DELPHI [48], L3 [49], OPAL [50]
Collaborations are given in Fig. 1(a). There are also up-
dated ALEPH results, which covers the Higgs mass from
95 GeV [51], but this is beyond our range of interest. For
simplicity, we will take only L3 data, which is roughly
close to average values of the LEP data in the mh range we
consider in this paper (mh ’ 60–90 GeV).
For a given h mass, this bound is given as a band in
tan sin plane in Fig. 1(b). The apparent asymmetry
between the sin1 and sin 1 regions originates
from tan> 0, which makes the region near sin 1
(or  =2) preferable. As the h mass increases from
around 105 GeV, the bands quickly converge as the LEP
excluded region vanishes [Fig. 1(a)]. This is illustrated as a
sudden departure of mh ¼ 110 GeV curve from the mh ¼
100 GeV curve in Fig. 1(b).
B. LEP bounds from Z! hZ0
The h can be produced directly from Z decays into an h
and a Z0, if kinematically allowed. It will appear as a
contribution to the invisible Z width.
For a sufficiently light Z0, using Eq. (28), we have
ðZ! hZ0Þ ’ ðChZZ0 Þ2 mZ
64m2Z0

1 m
2
h
m2Z

3
(42)
’ g
2
ZmZ
64
ð tanÞ2cos 2ð Þ

1 m
2
h
m2Z

3
: (43)
As was discussed in Ref. [21], the boosted Z0 shows the
divergent nature as mZ0 ! 0 due to the enhancement from
the longitudinal component of the Z0.
LEP invisible Higgs decay data
Excluded
OPAL
L3
DELPHI
ALEPH
50 60 70 80 90 100 110 120
0.0
0.2
0.4
0.6
0.8
1.0
mh GeV
sin
2
Excluded
60 60
80 801
00 10
0
11
0
11
0
1.0 0.5 0.0 0.5 1.0
5
10
15
20
sin
ta
n
(a) (b)
FIG. 1 (color online). (a) LEP constraints on the invisible Higgs decay ðZhÞBRðh! invÞ=ðZHSMÞ at 95% C.L. It is the same as
sin 2ð Þ when small Zmixing is neglected. (b) LEP invisibly decaying Higgs bounds (L3) on  and  in all 2HDMs including the
dark 2HDM (when the Zmixing is neglected). The parameter space within the bands (central part) are excluded, for a given light Higgs
mass mh ¼ 60 GeV (black/darkest), 80 GeV (blue/dark), 100 GeV (red/gray), and 110 GeV (green/dashed). The dashed curve (for
110 GeV) shows how quickly the LEP bounds converges for mh * 105 GeV.
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The limit on the new physics contribution to the unde-
tected width of the Z, which can be obtained by subtracting
the SM prediction from the measured width, is 2 MeV
(95% C.L.) from LEP data [52]. For h masses below the Z
mass, we can see from Fig. 1(a) that cos 2ð Þ is always
greater than 0.75 for L3. The lower bound onmh is given as
a function of  tan in Fig. 2 for two extreme values of
cos 2ð Þ.
In the doublets only case ( tan ’ 1), we would have
had mh * 80 GeV. Since the mh and mHð’ 125 GeVÞ
would then be of similar size, v1 and v2 would be also of
similar size, unless some of the i values in the Higgs
mass-squared matrix in Eq. (35) are larger than 4, violat-
ing perturbativity. The requirement of perturbativity then
gives a limit of tan & 10 (or  * 0:1). As discussed in
the Appendix, experimental constraints provide a tight
bound on  in the doublets only case which conflicts
with this limit. With a presence of the Higgs singlet,
 tan can be lower than 1, and themh bound gets relaxed,
as Fig. 2 shows. For  tan & 0:1, there is essentially no
bound onmh from the LEP invisible decay width. Thus, we
find that the doublets only case is unacceptable in the
scenario we consider.
We see that for sufficiently small  tan, one can have
mh < 62:5 GeV, leading to the possibility of H ! hh. As
shown in Ref. [41], this decay would unacceptably domi-
nate H decays unless sin was infinitesimally close to 1.
We will not consider this possibility in this paper.
C. LHC bounds from the 125 GeV SM-like Higgs
The discovery of a Higgs boson, H, at 125 GeV with
roughly SM branching ratios will imply stringent con-
straints on additional decays of the H. In particular, the
new decays H ! ZZ0 and H ! Z0Z0 should be sufficiently
small.
For a sufficiently light Z0, using Eqs. (25) and (26), we
have
ðH ! ZZ0Þ ’ g
2
Z
64
ðm2H m2ZÞ3
m3Hm
2
Z
ð tanÞ2sin 2ð Þ
(44)
and
ðH ! Z0Z0Þ ’ g
2
Z
128
m3H
m2Z
ð tanÞ4


cos 3 sinþ sin 3 cos
cos sin

2
: (45)
In Fig. 3, we show the region in which their partial decay
widths are within 10% of the SM total decay widths
(4.1 MeV for the 125 GeV Higgs), illustrating the sensitive
parameter space for each decay for a few values of
 tan ¼ 0:1, 0.2, 0.3. In the region between the colored
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FIG. 2 (color online). Lower bound on the light Higgs mass
from the Z! hZ0 contribution to the invisible width. Upper
(lower) curve is for the extreme value of cos 2ð Þ ¼ 1:0
(0.75). The doublets only (no singlet) case corresponds to
 tan ’ 1 point.
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FIG. 3 (color online). Decays of the 125 GeV Higgs to Z and Z0, with (a) representing H ! ZZ0 and (b) representing H ! Z0Z0. The
colored bands are the areas where H ! ZZ0,H ! Z0Z0 are within 10% of the SM width.  tan ¼ 0:1 (blue/dark gray band), 0.2 (red/
medium gray band), 0.3 (green/light gray band) are illustrated. The smaller  tan region covers the region of larger  tan, i.e., the
red/medium gray (green/light gray) band is within the blue/dark gray (red/medium gray) band.
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bands, the partial decay widths are more than 10% of the
SM total decay width. A very light Z0 at the LHC could be
found by a narrow resonance search after appropriate cuts
as studied in Refs. [21,40]. Constraints on the model from
these decay modes need a dedicated LHC data analysis.
Figure 4(a) shows the parameter space where the total
decay width of the heavy HiggsH is close to the SM width
(within 20%). We have used a modified version of the code
of Ref. [41] for some of the plots in this section. It shows
that for a relatively large  tan, the H would be quite
different from the SM prediction except for a very narrow
region of parameter space.
The scenario that the heavy Higgs is the SM-like Higgs
in ordinary 2HDMs were discussed in Ref. [41]. We follow
their parametrization to measure the event rate ratio com-
pared to the SM predictions. For the H ! ,

HðÞ ¼

sin
sin

2 BRdark2HDMðH ! Þ
BRSMðH ! Þ ; (46)
with BRSMðH ! Þ being our calculated value, instead
of the precise value of the SM [53]. Similarly, 
Hðb bÞ, etc.
are defined for other decay modes. The prefactor comes
from the relative Yukawa coupling of theH and SM quarks
[Eq. (40)], which is relevant for the dominant gluon fusion
gg! H through quark loops.
As noted in Ref. [41], the number of events (production
cross section times branching ratio) of the H into many
modes can vary up a factor of 2, given currently available
data. Figure 4(b) shows the parameter space in the dark
2HDM where the branching ratios of the b b, þ, WW
and ZZ are consistent with the SM prediction up to a factor
of 2 ( 12<
H < 2). In the region between the bands, at least
one of these event rate ratios is more than a factor of 2
different from the SM prediction.
The  mode is the decay mode that drove the recent
discovery of the 125 GeV Higgs boson at the LHC.We plot
the allowed region corresponding to 
HðÞ> 0:8 in
Fig. 5. The exact 
HðÞ ¼ 1 is not achievable with given
choices of  tan (¼0:1, 0.2, 0.3), and requires much
smaller values to reach this limit. In the ordinary type I
model, it is well known that one can not substantially
exceed 
HðÞ ¼ 1.
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FIG. 4 (color online). (a) Region where the total H is within 20% of the SM prediction. (b) Region consistent with the SM
predictions within a factor of 2 in all b b, þ, WW, ZZ channels. Choices of  tan and color code are the same as Fig. 3.
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FIG. 5 (color online). (a) Region where the diphoton rate ratio is 
HðÞ> 0:8. (b) Close-up version of far-right part of the (a).
Choices of  tan and color code are the same as Fig. 3.
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One can expand the allowed parameter space consider-
ably by going to smaller  tan values. We also note the
parameter space of the diphoton constraint in Fig. 5 is
covered, except for a very little portion at the edge,
by the parameter space of less stringent other modes in
Fig. 4(b).
The effect of the charged Higgs that can contribute to
diphoton signals may depend on the parameters of the
scalar potential, and it is ignored (which is valid when
the charged Higgs is heavy enough). We will consider
relatively light charged Higgs scenario later in this paper
though, which can change the diphoton rate. It is worth
mentioning that 
HðÞ  1 may not be a decisive con-
straint as additional vectorlike leptons can increase the
diphoton decay rate although they can also alter other
decays [13,40].
IV. DECAYS AND DETECTION
OF LIGHT HIGGS, h
The most interesting decay of the h would be h! Z0Z0.
(For simplicity, we consider only the mh & mZ case to
avoid h! ZZ0 decay.)
For a sufficiently light Z0, using Eq. (29), we have
ðh! Z0Z0Þ
’ g
2
Z
128
m3h
m2Z
ð tanÞ4

cos 3 cos sin 3 sin
cos sin

2
:
(47)
We can compare this to the typically dominant decay
channel, b b,
ðh! b bÞ ’ 3m
2
bmh
8v2

cos
sin

2
; (48)
which gives
ðh! b bÞ
ðh! Z0Z0Þ ¼
12m2b
m2h
1
ð tanÞ4


cos sin
cos 3 cos sin 3 sin

2

cos
sin

2
:
(49)
Figure 6 shows the parameter region for mh ¼ 60 and
90 GeV in which h! Z0Z0 dominates the light Higgs
decay with 50%, 90% of the total h decay. The Z0Z0
mode can dominate the light Higgs decay in a similar
manner in which the Higgs decay to the weak vector
bosons would dominate in the SM if the Higgs mass
were sufficiently heavy. This originates from the enhance-
ment from the longitudinal polarization of vector bosons
when they are boosted.
In accordance with expectation from Eq. (49), Fig. 6
shows that the h! Z0Z0 dominates in a larger region of
parameter space with larger mh and larger  tan.
Especially, in the sin1 and sufficiently large tan
region, the h decay is almost entirely into Z0Z0 as indicated
by 90% dashed curves.
We note that for   0 case, in which the lighter one
would be the SM-like Higgs, the heavier one would dom-
inantly decay into Z0Z0. For some discussions of a Higgs
decaying into Z0Z0 in different contexts, see Refs. [43,54].
The Z0 will then decay into fermions with a partial decay
width, when fermion masses are neglected [39].
ðZ0 ! f fÞ ’ NC
48
"2Zg
2
Zðg02Vf þ g2AfÞmZ0 ; (50)
where gAf  T3f and g0Vf  T3f  2Qfðsin 2W 
ð"="ZÞ cos W sin WÞ. NC ¼ 3 (1) for quarks (leptons).
The branching ratio of Z0 into the charged leptons (which
we call xe and x) depends on "="Z as well as nontrivial
hadronic decays. It was shown in Ref. [55] that the indi-
vidual lepton branching ratios for dark photons (i.e., a
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FIG. 6 (color online). Boundary where the light Higgs decay is dominated by Z0Z0 channel (50%) for (a) mh ¼ 60 GeV
and (b) mh ¼ 90 GeV. Dotted (dashed) curves are where the branching ratio is 50% (90%). Black solid curves are the LEP bound
[as Fig. 1(b)] for the given mh ¼ 60, 90 GeV. Choices of  tan and color code are the same as Fig. 3.
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model with only kinetic mixing " for the interaction) vary,
roughly, between 10% and 40% over most of the mass
range. This branching ratio would change if there are other
light hidden sector particles that Z0 can decay into. Also,
our dark Z (i.e., a model with both kinetic mixing and Z-Z0
mass mixing parametrized by "Z) has different branching
ratios in general. We assume no displaced vertex and take
x ¼ 10% in the following sketchy analysis.
The light Higgs might be detectable by a similar reso-
nance search for the heavier Higgs decaying into Z0 in
Sec. III C although a feasibility study might be necessary.
Very recently, ATLAS has looked for prompt ‘‘lepton jets’’
at 7 TeV [56]. A lepton jet is a final state consisting of
collimated muons or electrons. In one of their analyses,
with results consistent with the SM, they look for pairs of
lepton jets, each with two or more muons (the rest of the
event is ignored). Although they do consider a specific
hidden valley model as an example, their results will apply
to our case. They only consider Z0 masses of 300 and
500 MeV, and the results are relatively insensitive to the
choice of masses. The resulting 95% C.L. upper bound on
the cross section times branching ratio is 17 fb for mZ0 ¼
300 MeV and 19 fb for a mZ0 ¼ 500 MeV. For our ball-
park estimate, we will take the bound to be 20 fb without
specifying the Z0 mass.
The SM cross section for Higgs production through
gluon fusion is about 37 (30, 24) pb for the Higgs mass
of 80 (90, 100) GeV at 7 TeV [57]. In our case, the rate is
multiplied by the factor ðcos= sinÞ2 of Eq. (41). As
shown in Fig. 6, the h can decay into Z0Z0 dominantly in
most of the parameter space of interest. If we ignore the
tan and sin dependence and take BRðh! Z0Z0Þ  1,
the light Higgs h will appear as two muon jets in the
ATLAS analysis [56]. Taking mh ¼ 80 GeV, the cross
section times branching ratio for pp! h! Z0Z0 ! 2
muon jets is bounded as
ð37 pbÞ

cos
sin

2
x2 & 20 fb: (51)
For relatively large tan, this gives sin> 0:97 for a
choice of x ¼ 0:1. As tan approaches 1, this changes to
sin> 0:99. As the h mass varies, these numbers change
slightly, but it is clear that one is forced into a fairly small
area of parameter space. Although these values of sin
might seem fine-tuned, one should note that it varies from 4
to 7 in terms of tan as sin varies from 0.97 to 0.99.
Given the level of our rather sketchy estimate, we do not
take these bounds too seriously, but it is indicative that a
sophisticated analysis can potentially shrink the allowed
region considerably (unless the effect was discovered).
V. DECAYS AND DETECTION OF CHARGED
HIGGS, H
We have noted that the dark 2HDM is unusual in that
there is no pseudoscalar Higgs boson (it becomes the
longitudinal component of the Z0) associated with the
doublets.2 However, it certainly does have a charged scalar,
H, which is orthogonal to the longitudinal component of
the W. The phenomenology of the charged Higgs in the
ordinary type I model was recently discussed in Ref. [16].
In the type I model as well as in this dark 2HDM, the
coupling of the charged Higgs to fermions is suppressed by
a factor of tan. (Thus B decay data, which pushes the
charged Higgs mass above 300 GeV in the type II model, is
not stringent in the type I model and in fact gives no bound
for tan> 2 [16,58].) Direct bounds on the charged Higgs
mass from LEP HþH searches give mH > 79 GeV as-
suming the charged Higgs decays only into Hþ ! cs and
þ [59].
If a charged Higgs is light enough, one can look for it in
top quark decays, but as ATLAS data shows, the lower
bound on tan in the type I model is fairly weak, varying
from 1 to 4 in the mass range of 90 GeV<mH <
140 GeV when the dominant decay mode is þ [60].
For charged Higgs masses above about 180 GeV, its pri-
mary decay mode is generally given byHþ ! t b, which is
very difficult to detect. For some discussion of relatively
light charged Higgs (mH * 90 GeV) in ordinary 2HDMs,
see Ref. [61].
In the type I model, one can also look for the decays
H ! ’W where ’ is either h, H or A. In the dark
2HDM considered in this paper, however, there is a new
and dramatic signature. We have seen that the primary
decay mode of the h in most of the relevant parameter
space of our interest is into Z0Z0. In this case, one can have
H ! hW ! Z0Z0W. Much of the time, the Z0 will
decay into lepton pairs. This will certainly be the dominant
decay if the H ! hW decay is kinematically a two-
body decay, and would still be dominant even if the decay
is kinematically three-body, since the competing decay
will be suppressed by two powers of the  mass.
The widths for the two- and three-body decays ofH !
hW can be found in Refs. [62,63]. The two-body decay
width is
ðH ! hWÞ ¼ cos
2ð Þ
16v2
1
m3
H
3=2ðm2
H ; m
2
h; m
2
WÞ;
(52)
with ðx; y; zÞ  x2 þ y2 þ z2  2xy 2yz 2zx. It de-
creases with mh and increases with cos
2ð Þ.
Similarly, the decay width into the heavy Higgs
(125 GeV) is given by
2There is a pseudoscalar associated with a Higgs singlet,
which remains decoupled as we assume no mixing between
the doublets and singlet. When sizable mixing is introduced,
the remaining pseudoscalar would have diluted coupling to the
SM particles and it could be in principle detectable.
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ðH ! HWÞ ¼ sin
2ð Þ
16v2
1
m3
H
3=2ðm2
H ; m
2
H;m
2
WÞ;
(53)
and the decay width into t b is given by
ðH ! t bÞ ’ NCmH
8v2
m2t
tan 2

1 m
2
t
m2
H

2
; (54)
when mb is ignored and Vtb ¼ 1 is taken, and a similar
expression is given for þ mode.
Figure 7 shows the partial decay widths based on the
above formulas for Hþ ! t b, Hþ ! þ, Hþ ! hWþ,
Hþ ! HWþ assuming that mh ¼ 80 GeV and
cos 2ð Þ ¼ 0:75. (The cs has a smaller contribution
than þ as in the ordinary type I model because of the
small mass at the Higgs mass scale as the RG running is
faster with color.) For mh < mH <mW þmh region, the
three-body decay Hþ ! hWþ ! hf f0 (and similarly for
H) is shown in the plot.
We see that the decay into hW completely dominates
for the entire range of H masses in the plot
(mH > 100 GeV). We checked that, for all our interested
range ofmh ’ 60–90 GeV and cos 2ð Þ ’ 0:75–1 that
we discussed in Sec. III, the H ! hW decay mode
keeps dominating over the other H decay modes for
the mass range of mH > 90 GeV. While the decay rate
of the charged Higgs is the same as in ordinary type I
model, the difference comes from how the h can decay,
leading to more dramatic signatures.
The production cross section for charged Higgs bosons,
for fairly large tan, is dominated by Drell-Yan pair
production. Each of these charged Higgs can mainly decay
into Z0Z0W, giving four Z0’ s in the relevant parameter
space. This may be looked for with lepton-jet searches [56]
in a similar fashion we discussed in the previous section for
pp! h! Z0Z0 channel, with appropriate cuts and selec-
tions. Note that the lepton-jet searches only require at least
two muon jets. With four Z0 s and aOð0:1Þ branching ratio
for Z0 ! þ, a substantial fraction of charged Higgs
pairs will give a signal. One can estimate that the current
ATLAS bound of 20 fb is already covering a region of
parameter space, but it is clear that a much more detailed
analysis is needed. Given the unique signature of the
model, with four Z0 s and two W’s, a more targeted search
could cover much more of the parameter space.
In the dark 2HDM, there is no tree-level vertex
HWZ0 for the same reason that there is no HWZ
vertex at tree level. Namely, if one goes into a basis in
which only one Higgs doublet gets a vev, then the charged
Higgs is entirely in the other doublet. As a result, it can
have no vev-dependent vertices. Since SUð2ÞL is broken,
this result will break down at one-loop, and thus H !
WZ and H ! WZ0 can occur at one-loop. The effect
of the Goldstone boson equivalence theorem, with a
boosted Z0, would enhance this loop-suppressed decay
potentially at meaningful level.
We discussed, in this paper, only the case of mH *
100 GeV. It will be interesting and important to study how
low the charged Higgs mass can be in this model while
satisfying all the experimental and theoretical constraints,
in view of the fact that most of the lower bounds on the
mH were obtained based on the typical t b, c s and 
þ
modes. It is also noteworthy that other variants of the dark
2HDM [for example, with some of the SM fermions carry-
ing nonzero Uð1Þ0 charges] would give the similar hW
dominance since Eq. (52) is valid for all types of 2HDMs.
VI. SUMMARYAND CONCLUSIONS
Although experiments at the LHC have recently found
the SM-like Higgs boson with a mass of 125 GeV, it is still
important to search for other Higgs bosons, which occur in
most extensions of the Standard Model. In this paper, we
considered a 2HDM with a new Uð1Þ gauge symmetry
under which the SM particles are not charged (the dark
2HDM), and discussed the physics of the other Higgs
bosons, namely, the non-SM-like neutral Higgs and the
charged Higgs scalar. The additional Higgs doublet of this
dark 2HDM is charged by the Uð1Þ gauge symmetry, and
this Uð1Þ plays the role of the Z2 parity of the ordinary
2HDMs, thus forbidding tree-level FCNC.
Kinetic mixing between the Uð1Þ gauge groups will
generally occur, as will mixing in the Z-Z0 mass matrix.
The possibility of a very light Z0 gauge boson has attracted
increasing interest of late. Such a light Z0 has been a
subject of active experimental searches including the fixed
target experiments at JLab in Virginia and at Mainz in
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FIG. 7 (color online). The partial decay widths for charged
Higgs as a function of the charged Higgs mass. The dashed lines
are for the decay Hþ ! t b, with the upper (lower) line corre-
sponding to tan ¼ 2 (10). The dotted lines are similar for the
decay Hþ ! þ. The solid line is for Hþ ! hWþ, which is
either virtual or real, assuming mh ¼ 80 GeV and cos 2ð
Þ ¼ 0:75. The dot-dashed line is for Hþ ! HWþ with the
125 GeV SM-like Higgs. The dominance of hW decay mode is
persistent for all cos 2ð Þ values allowed by the LEP over
the mass range of interest: mh ’ 60–90 GeV.
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Germany. There are also searches using the decays from
mesons at KLOE, BABAR, and Belle experiments.
The physics connecting the Higgs to a heavy Z0 (for
example, the Z0 decays into the Higgs boson [64,65]) has
been extensively studied, but connection of the Higgs to a
very light Z0 has not been. The light Z0 allows a very
interesting scenario as the various Higgs boson decays
can involve a light gauge boson which can decay
into leptons with Oð0:1Þ branching ratio along with pos-
sible enhancement from the longitudinal polarization.
Interestingly, in this model, the most important predic-
tions/constraints on Higgs properties come from the prop-
erties of the Z0. The Z0 is assumed to have a mass of
Oð1Þ GeV or less. Such a light mass is the region most
high energy collider analyses discard to avoid large SM
backgrounds.
We considered the case in which the 125 GeV SM-like
Higgs is the heavier scalar, and studied the light Higgs and
charged Higgs in the dark 2HDM. After describing the
complete model, we studied constraints arising from LEP
bounds for invisible Higgs decays and width of the Z as
well as the 125 GeV SM-like Higgs state seen at the LHC.
We found that a model with just two Higgs doublets is
excluded by the LEP invisible Higgs decay bounds com-
bined with the precision electroweak physics, rare B decay,
etc. This issue can be resolved by introducing an additional
Higgs singlet.
We then considered the production and detection of the
light Higgs boson (h) whose dominant decay is into Z0Z0.
This leads to a remarkable and unusual signature. The Z0
will decay with an appreciable branching fraction into a
lepton pair, which (since the Z0 is so light) will form a
collimated lepton jet. A recent ATLAS experiment looked
for events with two or more such ‘‘muon jets,’’ and their
results show that significant constraints on the model
would be possible if a sophisticated analysis with larger
statistics were to follow.
The ATLAS muon-jets experiment also constrains the
charged Higgs boson, which decays predominantly into
hW (either as a two-body or a three-body decay). The
charged Higgs in the dark 2HDM can be very light com-
pared to those in the ordinary 2HDMs.
In this paper, we limited ourselves to the case in which
the 125 GeV SM-like Higgs is the heavier neutral Higgs,
no mixing is present between the Higgs doublets and a
singlet, and we focused on the region in which the light
Higgs mass is in the range ofmH=2 & mh & mZ. Relaxing
these limits will allow more studies.
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APPENDIX: CONSTRAINTS ON Z0 PROPERTIES
In the m2
Z00 	 m2Z0 limit, as shown in Sec. II, the Z-Z0
mass-squared matrix is given by
M2ZZ0 ¼
m2
Z0
2
2 m2
Z00
0
@
1
A’m2
Z0
1 
 m2
Z00=m
2
Z0
 !
: (A1)
We take the parametrization  ¼ "Z þ " tanW which
helps separate the Z0 interactions with JNC and Jem. The
" comes from the kinetic mixing term, and the "Z origi-
nates from the Z-Z0 mass mixing from the Higgs (1) that
is charged under both SUð2ÞL Uð1ÞY and Uð1Þ0.
The mass-squared matrix then can be written as
M2ZZ0 ’m2Z
1 ð"Zþ"tanWÞ
ð"Zþ"tanWÞ m2Z0=m2Z
 !
(A2)
takingm2Z0 ’ m2Z00 which is realized for 2 	 m2Z0=m2Z. The
Z-Z0 mass mixing parameter "Z is further parametrized by
"Z  mZ
0
mZ
; (A3)
with, from Eqs. (13)–(15),
 ’ cos cosdffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 cos 2cos 2d
p : (A4)
This would have been  ’ 1= tan in the doublets only
case ( cosd ¼ 1).
The approximation coscosd1=ðtantandÞ
would be valid in the limit where both tan and tand
are large, and partly because of this reason, we use  tan
as our input instead of  in the numerical analysis of this
paper, which helps in estimating the Higgs singlet
contribution.
Ignoring the higher order terms for small " and "Z
parameters (and their combination), we get
L int ¼ eJemA^  gZJNCZ^0 (A5)
’ eJemðA þ "Z00Þ  gZJNCðZ0  " tan WZ00Þ (A6)
’ eJemðA þ "Z0Þ  gZJNCðZ þ "ZZ0Þ; (A7)
where Eq. (A6) is obtained after field redefinition to re-
move kinetic mixing term [Eq. (1)] at leading order and
Eq. (A7) is after the Z-Z0 mass-squared matrix diagonal-
ization [Eq. (12)]. We can see that, because of cancellation,
there is no net Z0 coupling to the weak neutral current
induced by the kinetic mixing (").
DARK TWO HIGGS DOUBLET MODEL PHYSICAL REVIEW D 87, 115009 (2013)
115009-11
For a very light Z0, the kinetic mixing " is constrained by
various experiments including the electron beam dump,
electron anomalous magnetic moment, and narrow reso-
nance searches. In particular, there are active searches
using fixed target experiments at JLab (in Virginia) and
at Mainz (in Germany) as well as the searches using the
heavy meson decays at KLOE, BABAR, Belle experiments.
Very roughly, for the 10 MeV & mZ0 & 1 GeV range, the
experimental bounds of "2 & 105 are present. With some
combination of " and mZ0 (roughly, "
2  106–105 and
mZ0  20–50 MeV), the Z0 can explain the 3:6 deviation
of the muon g 2. (See Ref. [39] for details.) The "
basically parametrizes the vector coupling of the Z0 as it
dominates the coupling to the electromagnetic current. A
good summary of the constraints and sensitivities from
various experiments in the "2 mZ0 parameter space can
be found in Ref. [66].
The Z0 interaction to the weak neutral current is enabled
by the Z-Z0 mass mixing "Z, and it controls the axial
coupling of the Z0 as it dominates the coupling to the
weak neutral current. The axial couplings expand the
phenomenology of the light Z0 into more areas including
the low energy parity violation and the enhancement of the
production for the boosted Z0. They were studied in
Refs. [21,39,40]. They include low-energy parity violation,
rare K decays, and rare B decays. Also, bounds from the
Higgs decay exists as the presence of the H ! ZZ0 and
H ! Z0Z0 modes should be still consistent with the LHC
data which is consistent with the 125 GeV SM Higgs
property. Typically,  & 102  103, depending on vari-
ous conditions, is expected to satisfy all the constraints.
There are some caveats and dependencies on other parame-
ters about this bounds, and we will take  & 102 as a firm
upper bound that we should satisfy in this paper. This is
quite a small quantity that cannot be achieved with the pure
doublets case as 1= tan cannot be too small (as discussed
in Sec. III B), which is an important reason that this model
needs a Higgs singlet.
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